Cesium iodide ͑CsI͒ coated graphite is a good candidate for an electrode material of a thermionic power generation device due to its low work function. In this letter, a thermionic device with a nanometer-scale vacuum gap between a CsI coated graphite emitter and a collector will be investigated while considering various gap-size effects. It is shown that a nanometer scale gap-size not only affects electron transport but also photon transport, and that all of these effects must be taken into account when estimating the device's performance. © 2009 American Institute of Physics. ͓doi:10.1063/1.3266921͔
Vacuum gap thermionic power conversion devices have traditionally shown unfavorably low energy efficiency and power density when compared to plasma filled gap thermionic devices. 1 However, in recent years, extensive studies on nanometer scale gaps in vacuum gap thermionic devices have been undertaken, and the results have shown promising device performance. [2] [3] [4] [5] [6] Furthermore, fast developing nanotechnology has demonstrated the possibility of manufacturing a low work function material such as cesium iodide ͑CsI͒ coated graphite electrodes. CsI coated graphite electrodes have been identified to have very low work function ͑ϳ1.22 eV͒ ͑Ref. 7͒ and therefore, they are a good candidate for a thermionic power conversion system. Classical theory of vacuum gap thermionic devices, in which the gap size is in the order of micrometers, were investigated and well summarized in previous work. 1 However, classical theory starts to fail when the gap size of the system is small enough ͑on the order of nanometers͒ to be affected by quantum effects.
For a simple and idealized analysis, energy and heat transport between two parallel planar electrodes at different temperatures but with the same material will be considered here. There are two major energy carriers in the nanometer scale vacuum gap, electrons and photons. The thermodynamic efficiency of a vacuum nanometer gap thermionic device can be expressed in Eq. ͑1͒ as follows:
where is thermodynamic efficiency, V g is gap voltage, J net is net electron current density, and Q is heat transferred between the two electrodes per unit area by each of the different energy carriers.
The first carrier of energy, electron flux, between two electrodes at different temperatures should be estimated while taking into account quantum tunneling effect. Calculation of the current density between two electrodes with quantum effect was performed and presented in many previous works. [2] [3] [4] [5] With the WKB type approximation ͓Eq. ͑2͔͒ and considering image charge potential correction ͓Eq. ͑3͔͒, net current between two electrodes with both classical thermionic emission ͑the Richardson-Dushman equation͒ and quantum tunneling effect can be estimated with Eq. ͑4͒. Furthermore, the energy transfer between two surfaces can be estimated with Eq. ͑5͒: 
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where h is the Plank constant, e and m e are charge and mass of an electron, 0 is vacuum permittivity, d is gap distance, x is a coordinate perpendicular to emitter and collector surfaces, x 1 and x 2 in Eq. ͑2͒ are two points where electron energy E is equal to potential barrier V͑x͒, ⌽ is work function, V max is the maximum potential in Eq. ͑3͒, k B is the Boltzmann constant, T is temperature of the electrodes, J is current density from emitter ͑hot electrode͒ and collector ͑cold electrode͒, and subscript E and C are emitter and collector, respectively. It should be noted that the reference point for energy in the analysis is set to the Fermi energy of the emitter material. N T ͑E͒ is the number of electrons per unit area of the emission surface in unit time with kinetic energy E and E + dE in one direction, which is defined in Eq. ͑6͒.
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Quantum tunneling assisted thermionic current is possibly limited by space charge effect. From classical physics perspective, space charge limited ͑SCL͒ current is described by the Child-Langmuir law.
The SCL current will also be modified from the ChildLangmuir law when quantum effect influences the system. Equations ͑8͒ and ͑9͒ were derived from the Schrödinger wave equation and the Poisson equation with an appropriate set of boundary conditions to estimate the SCL current in quantum regime, 9,10
where p͑x͒ is a normalized real function of the wave amplitude,
The SCL current in the quantum regime is determined from the critical J value, defined as J SCL , so that for J Ͼ J SCL solutions to Eqs. ͑8͒ and ͑9͒ no longer exist. Figure 1 shows a calculation result of net current densities ͓Eqs. ͑4͒, ͑7͒, and ͑8͔͒ between CsI coated graphite electrodes ͑work function ϳ1.22 eV͒ at 300 K collector temperature and varying emitter temperature from 600 to 1000 K with a gap voltage of 0.01 V. For classical thermionic current, the Richardson-Dushman equation was used for the calculation. It is noted that since the SCL current in quantum regime depends on electron energy, average electron energy of net current was used for the calculation.
Even though quantum tunneling assisted thermionic current is six orders of magnitude higher than classical thermionic current and is higher than the classical SCL current, it is not limited by the quantum SCL current. Thus, nanometer size effect increased the device performance limitation by increasing the SCL current in quantum regime to allow higher electron transfer rate via quantum tunneling assisted thermionic current, which resulted in improving the power density of the device.
Estimating the amount of energy transferred by the second carrier, photon flux, also requires consideration of gap size effect. When two planar surfaces at different temperatures approach close to submicrometer scale, the classical Steffan-Boltzmann law does not hold to predict the amount of radiation heat transfer between two surfaces due to evanescent wave participation in energy transfer. Evanescent waves propagate parallel to a surface and are usually not viewed as a major radiation energy transfer mechanism. In contrast, the propagation wave which is a surface perpendicular wave is usually the major energy transfer mode and can be described with the Steffan-Boltzmann law. However, when two surfaces approach close enough such that the gap is on the order of evanescent wavelength ͑submicrometer͒, two evanescent waves at each surface begin to resonate and transfer energy between the two surfaces, which is sometimes referred to "photon tunneling." The theory for calculating the evanescent wave radiation heat transfer was proposed and demonstrated in several previous studies. [11] [12] [13] Equation ͑10͒ describes the amount of radiation heat transfer between two surfaces at different ͑10͒ temperatures where is angular frequency of wave, ␤ is parallel component of wave vector, and ⌰͑ , T͒ = ប / ͓exp͑ប / k B T͒ −1͔. Z͑␤͒ is a transfer function which is not only a function of ␤ but also a function of perpendicular component of wave vector, optical properties of both surfaces, and gap distance. The transfer function is well derived and summarized in Fu and Zhang's work. 13 The thermal radiation heat loss in the proposed thermionic device was evaluated and shown in Fig. 2 with varying emitter surface temperature from 600 to 1000 K while maintaining collector surface temperature to a constant value, 300 K. In addition, radiation heat transfer between CsI coated surface at high temperature and intrinsic silicon surface at low temperature is also shown in Fig. 2 to demonstrate how optical properties of two surfaces can decrease the evanescent wave energy transfer mode. Optical properties of selected material were obtained from previously published data. 13, 14 It is clearly shown in Fig. 2 that even though the propagation wave radiation heat transfer does not vary with distance which is predicted from the Steffan-Boltzmann law, evanescent wave energy transfer is noticeably affected by vacuum gap distance. The nanometer gap radiation heat loss for CsI electrodes case is increased by nearly five orders of magnitude from the classical value due to the size effect, which leads to a conclusion that not only electron transport but also photon transport can significantly affect the device performance when the device size effect becomes important. However, it is also shown that evanescent wave energy transfer can be minimized by modifying the optical properties of both surfaces or selecting appropriate material combinations. Figure 3 shows the maximum efficiency of the proposed device when gap spacing is varying and temperature of emitter is set to a range from 600 to 1000 K and collector at 300 K. Following three cases are shown in Fig. 3 : ͑1͒ classical effects only, the electron current is calculated from the Richardson-Dushman equation and the radiation is calculated from propagation radiation heat transfer, ͑2͒ nanosize effect for only electron, only electron transport includes the quantum effect, and ͑3͒ nanosize effects, both electron and photon are affected by quantum effects.
It can be concluded from Fig. 3 that the size effect of nanometer vacuum gap thermionic device will significantly affect the device performance. The interesting fact is that even though the device power density can be increased by quantum tunneling assisted thermionic current, the proposed device seems to have unfavorable efficiency due to photon tunneling effect in high temperature operation ͑over 1000 K͒ than the classical device. Thus, it is demonstrated that including potentially high evanescent wave radiation heat transfer is necessary since it will significantly deteriorate thermionic power generation device performance. However, by modifying the optical properties of the materials or selecting appropriate set of materials that can limit the evanescent wave heat transfer, the proposed device configuration can potentially achieve higher efficiency, which is demonstrated in the second case. Another interesting fact from comparing the second and third cases is that an optimal gap distance exists for the proposed device, and the optimal gap distance is a strong function of photon energy transfer characteristics.
The merit of this device is that it has a potential to achieve comparable efficiency even at lower emitter surface temperature ͑600 K͒ compared to classical devices when optimal device configuration can be maintained. For a practical application of the proposed device, precise gap control is necessary since the device performance will be greatly reduced as soon as the gap distance deviates from the optimal gap distance. Furthermore, since the device is a high current device, configuration of the lead should be optimized to minimize lead voltage drop and heat losses due to thermal conduction. 
